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This two-day Meeting of the Royal Society was motivated by worldwide developments in multi-scale modelling of composite materials and pays tribute to the sustained and pioneering work of Prof. Anthony Kelly and his associates, which began more than 50 years ago. Today, there is a concerted effort to model failure of composites at different length scales using advances in computational material science and mechanics, and to develop holistic methods to tie together these models, never an easy task. This short closure statement is a summary of what the panelists discussed with responses of attendees.
The Meeting featured excellent presentations and papers based on these talks as found in this special issue, all of which are aimed at illuminating the central theme of the Meeting-multi-scale modelling. This theme also fits in with the goals of the Materials Genome Initiative (MGI) and objectives of integrated computational materials engineering (ICME) [1, 2] : -leading a culture shift in Materials Science and Engineering to encourage and facilitate an integrated approach; -integrating experiment, computation and theory to equip related industries with advanced tools and techniques; -easy access to digital data; and -developing a world class materials engineering workforce that is trained for careers in academia and industry.
It is now recognized that damage and ultimate failure in fibre-reinforced composites occur at different length scales, starting at the molecular level and culminating in two-piece failure at the structural level. There has been a systematic approach adopted by the aeroplane composite structures community in which a building block approach is adopted in developing a particular aeroplane, as shown in figure 1a . result if several layers of this building block can be eliminated through ICME. In that case, a virtual building block arises as shown in figure 1b. A major goal of ICME is to do just that, but also to tie in the effects of manufacturing process into the different levels. At the bottom-most level, advances in atomistic modelling can pave the way for key insights on the deformation response of polymers, and this can have a significant impact on the properties displayed by polymer matrix composites (PMCs). Even though a building block approach is not followed by the automotive industry and applications of PMCs in other industrial sectors (civil infrastructure, pressure vessels, marine industry, etc.), nevertheless, the goals of ICME, if adopted can be rewarding for these industrial sectors also because it can lead to large cost savings through, (i) reducing the number of tests required for certification and for developing confidence in PMC applications, (ii) by integrating the product design process, when downstream issues can be identified early on in the production cycle (figure 1). The panelists (figure 2) identified the following topical areas that need ongoing attention by the composites modelling community.
-Maturity of computational tools and associated software-ease of access and user friendliness of ICME-related software. -Understanding issues of scale-developing and validating models at the same length scale. -Do we know the 'input data' sufficiently accurately for a specific model and if so, are we sure what those quantities are? -Are models sensitive to be able to predict changes in mechanisms with changes to 'properties'? -Hierarchical building block approaches add complexity in crossing over from one scale to another-defects creep in as we cross scales-do we know how to account for these defects and their influence on the final outcome? -The need for integrating modelling approaches to include manufacturing process modelling, tied with service conditions and ultimately extended to predict product life. -The impact of the maturing of structural health monitoring (SHM) methods on the design and maintenance of future composite structures.
There is general acceptance that the current practice of designing a damage-tolerant structure is to take advantage of composite material heterogeneity and to configure the material such that it will withstand certain types of damage and will naturally arrest their propagation. Yet, this is a passive approach and for this reason it is subject to its own limitations. On the other hand, the development of SHM techniques [3] for composite materials and structures is an emerging technology which seemingly can provide the means to enhance reliability and safety by ensuring early detection and monitoring of damage.
Predictive capabilities enabling estimations of residual stiffness and strength of a composite structure with a known state of damage are also emerging. It is envisioned that new strategies for designing damage-resistant and tolerant composite materials and structures may become available, if we first develop and then synergistically combine new capabilities enabling inservice damage detection and characterization, health monitoring and structural prognosis. The rapid development of numerical codes and experimental techniques make possible not only the robust modelling behind the design of advanced composites with improved behaviour in critical operational conditions, but also for establishing sound, reliable SHM methods and strategies. The challenges will be an integration of modelling the design of composite structures, as well as process modelling, together with SHM and repair strategies. Moreover, SHM may also promote a 'self-healing' reaction in case of a particular damage, keeping the structural integrity, at least for a given period of time.
The assurance of structural reliability of aircraft systems will greatly enhance confidence in their safety, reduce the probability of premature failures and diminish the costs of operation and maintenance. An important element in achieving reliable and low-maintenance cost structural systems is the availability of scheduled and automated SHM inspections and assessments of the actual physical condition of critical structural components which will amend or eliminate current preventive maintenance practices, with envisioned states of online and predictive conditionbased maintenance capabilities. To this end, significantly improved techniques for inspection, analysis and interpretation are urgently needed to facilitate the assessment of the health of a structure and to promote the design, fabrication and reliable operation of future and current aircraft systems.
The enhancement of damage tolerance in composites through structural monitoring [4] is a multi-disciplinary effort, involving composite mechanics, fracture mechanics, computational mechanics structural dynamics, new actuator and sensor development, signal processing and interpretation, system integration and so forth. Successful cross-fertilization of these tasks will lead to:
(i) revolutionary design and manufacturing concepts and analyses for advanced ultrareliable damage-tolerant composite structures of the new century; (ii) theoretical and computational models for predicting actuator/sensor performance, structural integrity and damage detection capabilities enabling composite structural prognosis and (iii) self-healing strategies.
There was consensus that more discussion meetings and workshops associated with the goals of multi-scale modelling and multi-functional composite structures would greatly benefit younger researchers who are beginning their careers in the expanding field of composite materials and their applications.
